The basic challenges of electron momentum spectroscopy (EMS) as it has guided our research efforts at Carleton University are outlined. These challenges are: (a) Are the spectroscopic factors obtained in EMS equivalent to the spectroscopic factors observed in photoelectron spectroscopy? (b) Can experimental momentum profiles be related to the chemical reactivity of complex molecular systems? (c) Are the basic assumptions of (e,2e) reaction theory valid for complex molecular systems? Insights based on our efforts to address these questions are presented.
Introduction
The major experimental observables in electron momentum spectroscopy (EMS) are the binding energy spectrum and the experimental momentum profile (XMP) of energy-selected states. Excellent surveys of the EMS literature up to 1988 are available [1, 2] so the present contribution will deal with more current developments with special focus on research developments at Carleton University. Although the EMS experimental observables are also available from other physico-chemical techniques such as photoelectron spectroscopy (PES) and Compton scattering, the subtle differences between the EMS observables and PES and Compton observables are oftentimes not appreciated [3, 4] if not misunderstood. The absence of a clear understanding of these differences has hindered the full development of EMS as a physico-chemical technique. At the very least, EMS provides binding energy spectra (ie. ionic state spectroscopic factors) and experimental momentum profiles complementary to those provided by other techniques. These information provided by EMS and PES will provide a more detailed understanding of the electronic structure of atoms, molecules and other complex chemical aggregates. Nonetheless the continued progress of EMS towards becoming a routine physico-chemical technique, as envisioned by its originators [5, 6, 7] , depend critically on the successful resolution of this and other outstanding challenges.
2 Challenges in electron momentum spectroscopy I have ventured to outline some of the basic questions in EMS as it has guided our research efforts at Carleton. It is not meant to be an exhaustive or authoritative list nor an indication that these questions are more important than others. The basic questions are: (a) Are the spectroscopic factors obtained in EMS equivalent to the spectroscopic factors observed in photoelectron spectroscopy?
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993617 (b) Can experimental momentum profiles be related to the chemical reactivity of complex molecular systems? (c) Are the basic assumptions of (e,2e) reaction theory valid for complex molecular systems? Rather than providing an answer to each of these questions, I will try to address each question by way of example. That is, I will provide an update of our ongoing research efforts at Carleton with these questions in mind.
Spectroscopic factors in EMS and PES
An interesting historical account of the controversy between spectroscopic factors obtained in EMS and PES is provided by Brion et al. [8] . The controversy centers on the apparent differences between the Ar 3s-' satellite ' intensities observed in EMS [9, 10] and PES [11, 12] . Current understanding however seem to suggest that these differences are due to the different ionization mechanisms in photoionization and electron impact ionization. These differences were first discussed by Khiefets [13] and McCarthy [3] . This is best illustrated by the following relation [4, , where 3; and Si are the spectroscopic factors obtained in PES and EMS, respectively. 6; is the exact energy of the ion state i, Eo is the Hartree-Fock energy of the ion ground state and A is the average energy of two-hole-one-electron states. Equation 1 indicates that the PES spectroscopic factors are not the "true" spectroscopic factors and, in fact, can never approach the true spectroscopic factors (Si) even if the photon energy is varied. The only possibility is by accident, that is, whenever (ei-Eo) is negligible. That this is in fact the case is corroborated by recent studies by Khiefets and Amusia [15] and Braidwood et al. 1161 on the spectroscopic factors of the Xe 5s-I satellites. In the case of Xe 5s-I satellites, ( E ; -Eo) is small and the satellite intensities obtained in EMS and PES are fairly similar in stark contrast to the case for Ar 3s-I satellites.
One of the factors to consider in comparing spectroscopic factors in EMS and PES is the larger energy resolution in EMS ( 2 1.0 eV fwhm) relative to photoelectron spectroscopy using A1 I(, radiation (N 0.5 eV fwhm) or synchrotron radiation (N 0.2 eV fwhm). The energy resolution becomes a very important factor especially in the accurate determination of spectroscopic factors of closely spaced satellite or correlation states. In particular, a re-analysis [17] of previously reported EMS Ar 3s-' binding energy spectra of Leung and Brion [9] and McCarthy and Weigold [lo] indicated that the reported differences between spectroscopic factors obtained in EMS and PES can be reconciled if energy resolutions and detailed fine structure are taken into account. It should be noted that this type of re-analysis does not contradict Eqn. 1 but rather provide a more realistic assessment of the error limits of previous EMS studies [9, 10] . Clearly, a high energy resolution EMS study would be most helpful and progress have been made towards this end by Weigold and co-workers [16, 18] .
Are spectroscopic factors in EMS and PES equivalent? I would like to approach this question from a different angle. Since 1989 we have initiated a research program investigating the correlation states of medium sized molecular systems using synchrotron photoelectron spectroscopy at Synchrotron Radiation Center (Aladdin) . Careful calibration studies have been made so that accurate satellite intensities can be extracted from the synchrotron PES spectra. As a benchmark system we have chosen the ethylene molecule which is the simplest conjugated molecular system. Of particular interest is the correlation state at 27.4 eV binding energy which has been previously observed by PES "'Satellite" state is oftentimes a misleading term since there are many cases when the distinction between "parent" peak and "satellite" peak is not possible. The term "cor~elation state" is also used to refer to these states and reflects more the mechanism by which they arise. [23] and EMS [24, 25] . Figure 1 shows the transmission corrected satellite/2a;' main peak intensity ratio obtained from a series of synchrotron PES studies [21, 22] with an energy resolution of better than 0.2 eV fwhm. The EMS satellite/2a;l main intensity ratios obtained by Dixon et al. [24] and Coplan et a1. [25] are shown at the "infinite" photon energy scale. Also shown are the calculated spectroscopic factors from the "cluster" of correlation states around 27.4 eV obtained from accurate multireference singles and doubles configuration interaction (MRSDCI) calculations [26] . Even more sophisticated MRSDCI calculations involving a 196-GTO basis set indicated that the calculated intensity ratio is converged at a ratio of 0.35 [22] similar to that shown in Fig. 1 . The important point to note is the quantitative agreement obtained between synchrotron PES spectroscopic factors and the spectroscopic factors calculated using very accurate MRSDCI wavefunctions. Is this fortuitous? Is this agreement due to a negligible (ci -Ea) energy difference?
For the ethylene satellite this energy difference is -0.5 eV which can be compared with the Xe
) which is -2 eV and the energy difference for the Ar 3s-' satellite
) which is --4 eV. Thus it would appear that the ethylene satellite a t 27.4
eV is an ideal test case for the Khiefets-Amusia theory [4] . If the satellite/2a;' main intensity ratios obtained from the two previous EMS studies are averaged we obtain a ratio of 0.54 which is markedly diflerent from the intensity ratios obtained from synchrotron PES and those predicted by MRSDCI calculations 121,261. It should however be noted that the available EMS studies [24, 25] are of poor energy resolution (-2.5eV fwhm). A high energy resolution EMS measurement of ethylene is currently in progress in our laboratory.
In summary, the issue of equivalence or non-equivalence of spectroscopic factors in EMS and PES is far from a closed issue. Interesting differences among theoretical studies, let alone between EMS and PES experiments, are still unresolved [4, [27] [28] [29] . Further experimental and theoretical studies are necessary and well-chosen benchmark systems such as ethylene will feature in the resolution of this important question.
XMPs and chemical reactivity
A central problem in chemistry is the prediction of chemical reactions based on the knowledge of the electronic structure of the individual reactant molecules. Typical approaches to the investigation of chemical reactivity is the calculation of reaction indices such as the fukui index [30] or the decomposition of the intermolecular interaction energy into electrostatic, polarization and charge transfer contributions [31] . The goal of these theoretical approaches is to provide a rationalization for chemical empirical data on reaction rates such as acidity, basicity, proton affinity etc. If a "match" is achieved between the calculated fukui index, for example, and chemical empirical studies then a chemical rationalization is postulated. In most cases these studies have been most useful however they are prone to certain difficulties because typical "matches" are strongly dependent on the basis set employed in the calculation. For example in finding a chemical rationalization for the order of gas phase basicity in amines, Umeyama and Morokuma [31] used a 4-31G basis set and obtained the order of basicity: NH3 < RNH2 < RzNH < R3N where R = CH3. From an energy decomposition analysis they also found that the polarization energy contribution was the determining factor for the order of basicity. Using a STO-3G basis set the order of basicity was found to be the same as above 132,331 but the energy decomposition analysis showed that the determining factor was the charge transfer contribution and not the polarization contribution. Therefore from the 4-31G studies one can rationalize the order of basicity as due to polarization whereas from the STO-3G studies one can rationalize the order of basicity as due to charge transfer.
Electron momentum spectroscopy can provide a resolution to this dilemma since the experimental momentum profiles (XMPs) obtained in EMS can be used to evaluate the quality of theoretical wavefunctions used in chemical rationalizations. In fact, this has been done for the order of basicity in the amines [34, 35] . Thus a preliminary answer can be given to the question: Can XMPs be related to the reactivity of complex molecular systems? The answer is affirmative. Unfortunately the nature of the relation is not entirely clear since chemical reactivity is a broad subject and subtle factors such as solvent effects and steric effects are neglected. Furthermore, the accurate evaluation of theoretical wavefunctions using XMPs for complex molecular systems are dependent on several technical problems such as: (i) the need for high energy resolution EMS; (ii) the need for introducing complex molecular systems into the gas phase; (iii) the need for high coincidence countrates; (iv) the need for accurate understanding of the momentum resolution effects and the momentum scale.
Problem (iv) has been addressed in a series of simulation studies [36-381 wherein finite collision volume effects have been found to have a significant effect at low momentum. From the Fourier transform relation low momentum corresponds to the chemically sensitive region of the molecule and thus the region most useful in the evaluation of theoretical wavefunctions for chemical rationalizations. Figure 2 illustrates the dramatic effect of proper inclusion of momentum resolution effects in the comparison of the most accurate wavefunction for water and the measured XMP for the outermost orbital of water. Excellent agreement is obtained between experiment and theory. The remaining small discrepancy originally observed between experiment and theory by Bawagan et al. 1391 has been eliminated. It should be noted that in this application (Fig. 2) the inclusion of momentum resolution effects, according to one view [36, 37] , changes the momentum scale on which the XMP data points are placed. This new momentum scale is referred to as the average momentum scale and can be obtained by averaging a series of electron trajectories emanating from a finite collision volume (see upper panel of Fig. 2 ). An alternative approach is to place the XMP data points on the nominal momentum scale and incorporate the momentum resolution effects using appropriate instrumental resolution functions [38] . Although both approaches ultimately provide the same information, the Average Momentum (au). Momentum (a.u.) 3: Argon 3p ,YMP data collected over 43 hours together with a resolution using an AJRSDCI wavefunction [43] .
use of the average momentum scale [36, 37] is more appealing because of its self-consistency.
With an accurate understanding of momentum resolution effects, proper evaluation of theoretical wavefunctions can be made. This procedure has led to the successful design of so-called universal wavefunctions for H 2 0 [39] , NH3 [40] , H2S [41] , H F and HCl [42] . These new wavefunctions are universal in the sense that most calculated molecular properties are within 1% of all experimental values. In other words, the universal wavefunctions are of "chemical quality".
Problem (iii) has recently been addressed successfully by Todd et al. [43] . A sample of the Ar 3p XMP obtained using their new multichannel momentum dispersive EMS spectrometer is shown in Figure 3 . The coincidence countrate reported with this new spectrometer is --600 counts/rninute which is an order of magnitude improvement compared to single channel EMS spectrometers. With significantly improved coincidence countrates, experimental momentum profiles of high accuracy can now be routinely obtained. The successful resolution of the above-mentioned technical problems are motivated by future practical chemical applications of EMS such as computer aided molecular design. The extension of the interactive experimental-theoretical evaluation of wavefunctions of small molecular systems to larger and more complex systems will surely be awaited.
Complex molecular systems and (e,2e) reaction theory
Much of our understanding of the (e,2e) reaction mechanism is based on two general experimental scl~emes namely, (a) Under high momentum transfer conditions at high impact energies, the dependence of the XMPs on the impact energy indicate whether the plane wave impulse approximation (PWIA) is valid or not [44, 45] ; (b) Under low momentum transfer conditions at intermediate and low impact energies, the angular distribution of the outgoing electrons indicate whether there is a need for including extra terms in the Born series for the scattering amplitude or not [46, 47] .
A great majority of these (e,2e) reaction studies have concentrated on simple atomic systems and in a few cases on simple diatomic systems. In particular, at high impact energy and high momentum transfer the general validity of PWIA for molecular systems is generally assumed based on calibration studies with atomic systems. If we are to use EMS reliably in chemistry, further investigations of the impact energy dependence of molecular XMPs are necessary. The multicenter nature of the target presents a multiplicity of reaction channels such as dissociation, re-arrangements and autoionization which are not present or greatly reduced in atomic systems.
We have attempted to investigate the (e,2e) reaction mechanism in a slightly different way. Our EMS experiments under non-coplanar, symmetric scattering conditions at Eo = lOOOeV provide enough information which we believe would allow us to accomplish this. We start with the following conjecture:
The correlation coeficient (p) of the bivariate distribution of coincidences as a function of the binding energy and the time delay of the two outgoing electrons provides information on the (eJ2e) reaction mechanism. If the (e,2e) reaction is dominated by impulsive, binary collisions then p = 0 ie. the binding energy and time delay are statistically independent variables. If the (e,2e) reaction involves to a signijkant degree multiple collisions or reaction channels other than the impulsive, binary type then
The distribution of coincidence counts is a function of two variables namely, the binding energy (Eb) and the time delay (At). The most common bivariate distribution [48] An EMS spectrometer and computer-controlled coincidence detection system [49] capable of measuring the correlation coefficient are shown in Figure 4 . Figure 5 shows a contour diagram of the coincidence spectrum as a function of Eb and At for the ionization of the helium 1s orbital at lOOOeV impact energy and lOOeV pass energy which are typical EMS operating conditions. The contour diagram (Fig. 5a ) is clearly gaussian in shape as can be seen in the cumulative (summed) projections of the coincidence spectrum on both the time delay axis and the binding energy axis. Most of the previously reported EMS experiments do not save the total coincidence spectra thus an assessment of the correlation coefficient is not possible in these cases. It is generally assumed, however, that p = 0 and the bivariate distribution is simply a product of two one-dimensional normal distributions in Eb and At. The correlation coefficient for the coincidence spectrum shown in Fig. 5a .is calculated using Eqn. 3 and is found to be p = 0.05 with an estimated uncertainty of f 0.10 [49] .
A new procedure has been developed [50] to determine p and its statistical uncertainty. The procedure involves the generation of a synthetic bivariate coincidence binding energy distribution using the known experimental energy and time resolutions. Several synthetic bivariate distributions with different assumed values of p are generated and the Hessian summed difference [51] , is plotted as a function of p using new experimental data [50] and shown in Figure 6 . M z T t and MfheO '3 are the (ij) element of the experimental coincidence binding energy distribution and the synthetic bivariate distribution, respectively. u;j is the error involved in the (i j) measurement. Note that the sum over i and j correspond to the binding energy and the time delay, respectively. The minimum in the curve (Fig. 6 ) corresponds to the p-value for the experimental coincidence distribution. The p-value obtained using this procedure is found to correspond exactly to that which can be calculated directly using Eqn. 3. An advantage of the present procedure is that it allows for the direct calculation of the uncertainty in p. The uncertainty in p is illustrated by vertical bars in Fig. 6 . The experimental correlation coefficient obtained for He 1s is 0.02 f 0.03 which is a more accurate measurement than that reported recently [49] . A similar experiment has been made with the binding energy spectrum of Ne 2s and is shown in Fig. 6b . The observed correlation coefficient for Ne 2s is 0.02 f 0.09. These results indicate that p is effectively zero for both cases. Following the conjecture made earlier these results can be viewed as further experimental evidence that the PWIA is a valid framework for the interpretation of EMS experiments conducted at Eo = lOOOeV under non-coplanar, symmetric geometry. The present results are not surprising since helium and neon have been thoroughly investigated using the impact energy dependence of the XMPs of the respective valence s-orbitals [44, 45] . Furthermore, extensive studies at low and intermediate impact energies by Ehrhardt and co-workers [46] have indicated that first order theories are reliable for helium under high momentum transfer conditions. 
